In the first part of lifting movements, the trunk movement is surprisingly resistant to perturbations. This study examined which factors contribute to this perturbation resistance of the trunk during lifting. Three possible mechanisms were studied: force-length-velocity characteristics of muscles, the momentum of the trunk as well as the effect of passive extending of the elbows. A forward dynamics modelling and simulation approach was adopted with two different input signals: (1) stimulation of Hill-type muscles versus (2) net joint moments. Experimental data collected during an unperturbed lifting movement were used as a reference, which a simulated lifting movement had to resemble. Subsequently, the simulated lifting movement was perturbed by applying 10 kg extra mass at the wrist (both before and after lift-off and with/without a fixed elbow), without modifying the input signals. The momentum of the trunk appeared to be insufficient to explain the perturbation resistance of trunk movements as found experimentally. In addition to the momentum of the trunk, the force-length-velocity characteristics of the muscles are necessary to account for the observed perturbation resistance. Initial extension of the elbow due to the mass perturbation delayed the propagation of the load to the shoulder. However, this delay is reduced due to the impedance at the elbow provided by the characteristics of muscles spanning the elbow. So, the force-length-velocity characteristics of the muscles spanning the elbow joint increase the perturbation at the trunk.
Introduction
Lifting movements are little affected when the mass to be lifted is not as expected. Given that subjects anticipate the mass they are going to lift (de Looze et al. 2000) , it might be expected that in response to, for example, an unexpectedly increased object mass, the lifting movement is disturbed to the extent that subjects fall forward. Surprisingly, van der van Dieën (2000, 2001b) found that subjects were able to successfully lift an object that was 10 kg heavier than what they expected even though the trunk muscle activity as measured in surface EMG signals was not adapted until 100 ms after the perturbation occurred. This was seen both when the added mass was effective from the start of the lifting movement and when it was added after lift-off. As an additional 125-135 ms lag after changes in trunk EMG exists before the resulting muscle force is effective (van Dieen et al. 1991) , it is remarkable that the large mechanical perturbations imposed by the 10 kg increase in object mass did not severely disrupt the kinematics of the trunk during the first 250 ms of the lifting movement (Fig. 1) .
A mechanism that may explain the resistance to perturbations is the momentum of the head-trunk segment prior to lift-off. The momentum caused by the upward velocity of the upper body might be sufficient to lift a heavier object only by slowing down the lifting movement.
Another possible mechanism that may explain the perturbation resistance of the trunk in the first part of the lifting movement is the interaction between segments, as the perturbation is not directly applied at the trunk. In the lifting task especially the elbow could help to postpone the perturbation to the trunk by extending (or flexing more slowly) immediately after the perturbation due to the unexpectedly high mass.
A third mechanism that can explain the perturbation resistance is formed by the force-length-velocity characteristics Mass added before lift-off Mass added after lift-off 1.6 kg unperturbed Fig. 1 Time series of the average lumbar angle for ten subjects after a 10 kg perturbation was applied [adopted from van der Burg and van Dieën (2001b) ]. The dashed-dotted line represents the condition in which the added mass was effective from the start of the lifting movement, the solid line represents the condition in which the mass was added after lift-off, and the dotted line represents the unperturbed lifting movement. Note that in the first 250 ms, the deviations from the unperturbed condition are small of skeletal muscles, which could be a first line of defence against external perturbations (e.g., van Soest and Bobbert 1993; Seyfarth et al. 2001; Wagner and Blickhan 2003) . These properties give rise to an instantaneous adaptation of muscle force in response to a disturbed movement, in absence of any change of the neural input to the muscle. Three aspects of muscle physiology contribute to this behavior. First of all, the force-velocity relationship implies that when a muscle is stretched or contracts more slowly, it will produce more force and thereby oppose this stretch. Second, the forcelength relationship of muscle that results from length dependent myofilament overlap is such that for any muscle that is below optimum length, a disturbance of length will lead to a change in force that opposes the length change. Third, the length-dependent [Ca 2+ ] sensitivity of the binding site of troponine is such that a length perturbation leads to a change in force that opposes the length perturbation (Hatze 1981b; Stienen et al. 1985; Kistemaker et al. 2005, in press ).
The aim of this study was to clarify which factors contribute to the initial insensitivity of the trunk movement to a perturbation during lifting as observed experimentally. Three possible mechanisms were studied: force-length-velocity characteristics of muscles, the momentum effect of the trunk as well as the effect of allowing extension of the elbows. As this issue is difficult if not impossible to address experimentally, the goal was pursued by means of forward simulations.
Methods
In order to assess the contribution of the three factors mentioned to the initial insensitivity of the trunk movement to a perturbation during lifting, forward dynamics simulations of a whole body lifting movement were performed. Calculations were done using two open-loop controlled models. Both models make use of the same skeletal system. In the first model, the skeleton was actuated by muscles with forcelength-velocity characteristics (STIM-model). In the second model, the force-length-velocity characteristics had been removed, and the skeleton was driven by net joints moments (MOM-model). To asses the effects of elbow movement, a model in which no elbow movement was allowed and a model with no restriction on elbow movements were run with both STIM and MOM control. Thus, in total, four different models were used: STIM model with fixed elbow, STIM model with free elbow, MOM model with fixed elbow and MOM model with free elbow.
Model of the musculo-skeletal system
The skeleton consisted of a 2D-chain of seven segments, representing the feet, lower legs, upper legs, pelvis, trunk and head, upper arms, and forearms (see Table 1 for parameter values). An extra segment of 1.6 kg was attached to the forearms to represent the object to be lifted. All segments were connected with frictionless hinge joints. The position and orientation of the feet were fixed during the entire simulation. This constraint did not lead to unrealistic situations in any of the simulations. Parameter values for the skeletal model were derived on the basis of the anthropometrical measurements of the subject whose lifting movement was simulated (see below) (Plagenhoef et al. 1983 ). brachialis, m. triceps brevis, m. triceps longus and caput longum of m. biceps brachii. These "muscles" are described by a Hill-type muscle model consisting of a contractile element CE, an elastic element PEE in parallel to this CE, and a series elastic element SEE. As in none of the simulations a muscle was stretched to the extent that PEE delivered any force, its behavior will not be discussed further. Behavior of SEE and CE are outlined in Fig. 2 ; some of the abbreviations used there are defined in the following paragraph.
The flow of calculations is schematically represented in Fig. 3 . Functions f 1 and f 2 together describe a non-linear first order system linking active state (q) (Ebashi and Endo 1968 ) to stimulation, the one-dimensional input of the single muscle (STIM), as proposed by Hatze (1981b) . In this model of activation dynamics, q also depends on contractile element length (L CE ), to reflect the length-dependent [Ca 2+ ] sensitivity (Fig. 2d) . Function f 3 represents the Hill force-velocity relationship (Fig. 2c) , formulated such that the contractile element velocity (V CE ) is calculated from L CE , q, and contractile element force (F CE ), which in absence of PEE force, equals series elastic element force (F SE ). F SE is calculated in f 5 from series elastic element length (L SE ), which is modelled as a quadratic spring (see Fig. 2a ). L SE in turn is calculated in f 4 as the difference between muscle-tendon complex length (L MTC ) and L CE .
Polynomial relations are used in function f 4 to calculate L MTC from the joint angles: for monoarticular muscles, L MTC is given by:
where φ is the angle of the joint that is spanned by the muscle (defined as the difference between adjacent segment angles), A 0 is the length of L MTC when the joint is fully stretched, and A 1 and A 2 are coefficients that were obtained using the tendon excursion method (Grieve et al. 1978) ; for biarticular muscles, L MTC depends on two joint angles:
Finally, f 6 transforms the muscle forces in their contributions to net joint moments (M), using moment arms that follow from the same polynomial relations. Together with the gravitational forces, these net joint moments determine the angular accelerations of the segments (φ) (as well as the reaction forces) in f 7 . The Newtonian equations of motion in f 7 are automatically derived using MUSK (Casius 1995; Casius et al. 2004) . For the complete open-loop system as presented in Fig. 2 , the state vector has dimension 48 (7 segment angles ϕ, 7 segment angular velocitiesφ, 17 [Ca 2+ ] concentrations γ , and 17 contractile element lengths L CE ). Values for musclespecific parameters are presented in Table 2 .
Calculating the input signals
Before perturbed lifting simulations could be performed, control signals had to be calculated for both models. In the absence of a perturbation, these signals had to result in a whole body lifting movement that closely resembled experimental data concerning lifting a crate of 1.6 kg, which was placed 0.25 m above floor level, with an intermediate lifting technique at a self-chosen, non-maximal velocity (van der Burg et al. 2000; van der Burg and van Dieën 2001b) . The average movement of all eight unperturbed trials of the subject that had the lowest residual forces after calculating inverse dynamics (de Looze et al. 1992 ) among the whole group of ten subjects was used as the unperturbed experimental lifting movement. This guaranteed that data of the most adequately modelled subject was chosen. During real-life experiments, mass perturbations of 10 kg were applied. The mass was added before lift-off, or the mass was added when the crate in which the mass was placed, was lifted 10 cm. These results were used to check whether the results of the simulation were realistic.
An optimization was performed to find a STIM-pattern that resulted in a movement, which closely resembled the unperturbed experimental lifting movement. In the optimization, the sum of squared differences between the experimental and simulated segment angles (SSD) was calculated at regular intervals (50 Hz). The maximum SSD during the entire movement was used as the cost function value for the trial STIM-pattern in question, and the goal of the optimization was to minimize this value.
In order to reduce the complexity of the optimization problem to be solved, the following constraints were imposed on the STIM-pattern. Primarily, it was decided to consider only the first 300 ms after the perturbation as feedback control was expected to have definitely taken over by that time. Then, we assumed that only the STIM levels of the monoarticular agonist muscles (i.e., m. soleus, mm. vastii, m. biceps femoris (monoarticular), m. glutaeus maximus, m. erector spinae, anterior m. deltoid, m. brachialis) were modulated during the simulation. The STIM levels of the antagonist muscles and of the biarticular muscles were set such that the active state q of these muscles was initially 0.20, as preliminary analysis showed that this level was necessary in the elbow to prevent unrealistic arm movements during perturbed lifting. This value of q resulted in an average STIM-level of 7% for the antagonist and biarticular muscles (see discussion). Finally, the STIMs of the monoarticular agonist mus- Table 2 . Note that, roughly speaking; active state q acts as a scaling factor for force in the force-length and force-velocity curves of the CE. For justification and a more elaborate description of the described relationships we refer to van . Top-left a SEE force-length relation. In this study, the force-length behavior of the SEE is governed by a second order polynomial. Parameters describing this polynomial are (1) F MAX [N] , the maximal isometric force, (2) L SLACK [m], the maximum length at which force equals zero, and (3) U MAX (dimensionless), the relative elongation at maximal isometric force, which was set to 0.04 for all muscles in this study, based on quick-release experiments on animal preparations (Ettema and Huijing 1989) . Top-right b CE force-length relation. The CE force-length curve is also described by a second order polynomial. Parameters describing this polynomial are (1)
, the length at which the maximal isometric force is delivered, and (3) width (dimensionless), which was set to 0.56 for all muscles in this study, based on a least squares fit to the force-length relationship of human sacromeres. Bottom-left c CE force-velocity relation (L CE = 1). The concentric force-velocity curve (i.e., V CE ≤ 0) is based on the description first given by Hill (1938) and extended in order to accommodate the influence of L CE and q. The eccentric force-velocity curve (i.e. V CE ≥ 0) is described by a hyperbolic function, which approaches 1.5 F MAX as eccentric velocity goes to infinity. At V CE = 0, the slope of the eccentric force-velocity curve is twice the slope of the concentric force-velocity curve. For exact formulas and parameter values of the concentric and eccentric force-velocity curves see van cles were allowed to change only once within the time simulated, as preliminary work had indicated that this was sufficient to closely resemble the experimental movements. These constraints reduced the optimization problem in finding the time-onset (in the range of 0-300 ms) and stimulation level (in the range of 0-1) for the six monoarticular agonist muscles. The optimization problem was solved using a parallel genetic algorithm (van Soest and Casius 2003).
The net joint moments as a function of time that resulted from a simulation with this STIM-pattern were used as the control signals for the MOM-model. Thus, apart from negligible numerical errors, the two models produce identical output for the unperturbed movement. In the case of a perturbation, however, moments in the MOM-model will not change, whereas moments in the STIM-model will change due to force-length-velocity characteristics of muscles. The (7) is in unperturbed condition, the same for the STIM-and MOM-models. As can be derived from the diagrams, changes in objects mass alter M(7) only in the STIM-model due to the loops that are present. Numbers in parentheses represent the dimensions of the juxtaposed variable. See text for details on blocks f 1 through f 7 . Blocks containing the integral sign indicate integration with respect to time. G represents the gravitational force Table 2 Muscle parameter values = optimal length of contractile element; F max = maximal isometric force of contractile element (summed for left and right parts of the human body); L slack = slack length of series elastic element; d ankle , . . . , d elbow = moment arm over joint considered. Moment arms of muscles that depend on joint angle (marked with *) are averaged over start position (time = 0 s) and end position (time=0.300 s) of the reference movement. Parameter values for the leg muscles are the same as in van Soest and Casius (2000) , where they proved to be highly accurate in predicting the maximum power output in a sprint-cycling task. These parameters were originally used in van , and are based on measurements in a single set of cadavers. For the arm muscles, the values used in Welter and Bobbert (2002) were taken, because this set also has proven to result in a behavior that was comparable to experimental data. These parameters were based on the work by Murray et al. (2000) , and C.W. Spoor (personal communication). Unfortunately, the wrong values have been reported in Welter and Bobbert (2002) ; the values listed here are the correct ones (T. Welter, personal communication). Finally, the values for the trunk muscles were derived from Thorstensson and Nilsson (1982) , McGill (1996) , and Andersson et al. (1988) , and the relation between joint angle and joint moment predicted from these parameters were in good agreement with the data we collected for a single subject on a isokenetic KinCom (KinCom H500, Chattecx, Chattenooga, TE) difference between the behavior of both models in the perturbed condition reflects the effect of force-length-velocity characteristics.
The simulation was started at the instant the vertical velocity of the hand in the experimental trial became positive (upward). In the simulation, the initial state vector was chosen as follows: initial values for the segment angles and angular velocities were set identical to the experimental values; initial STIMs and state variables for the muscles were set assuming steady-state equilibrium. Given the initial STIMs for the antagonists and the biarticular muscles, the initial STIMs for the monoarticular muscles were set such that the net joint moments resulted in segment angular accelerations that exactly matched those found in the experimental trial.
Simulations
In order to assess the factors underlying the perturbation resistance of the lifting movement, 10 kg mass perturbations were applied to the lifting movement for all four models (STIM-model with fixed elbow, STIM-model with free elbow, MOM-model with fixed elbow, and MOM-model with free elbow). In these simulations, the input signals were those that were identified previously; that is, the input signals were not altered in response to the perturbations (Fig. 2) . First, an instantaneous increase of crate mass of 10 kg was applied (at the start of the simulation). Second, the same mass perturbation was applied 70 ms after lift-off, when the vertical velocity of the crate was about 0.2 m/s, which was in close correspondence with the experimental data (van der Burg and van Dieën 2001a, b). The lifting movements that resulted from the perturbed 10 kg simulations before and after lift-off in the STIM-model with free elbow and in the MOM with fixed elbow, were compared to the 10 kg-perturbed lifting movements of all ten subjects in the real-life experiment. The 5th and 95th percentiles of the lifting movements for each perturbation condition separately (before and after lift-off), based on the values of all subjects were considered to represent the normal range of variability.
Results
In the absence of a perturbation, the simulation closely resembled the experimental data. The maximum cost function value SSD in the optimal solution was 0.14 deg 2 : No segment angle in the unperturbed condition deviated more than 0.37
• from the experimental data concerning lifting of the 1.6 kg crate. As intended, this also applied for the segment angles in the MOM-model. When the perturbation was applied, the deviations from the experimental perturbed data increased in the STIM-model with free elbow. The curves of the trunk angle were just within the normal range of variation of the experimental data, when the perturbation was applied before, as well as after lift-off (Fig. 4) .
The linear and angular momenta of the trunk before liftoff were not sufficient to resist the perturbation. When the perturbation was applied in the MOM-model with fixed elbow, thereby excluding the effect of elbow motion and of the forcelength-velocity characteristics, the curves of the trunk angles deviated outside the normal range of variation of the experimental data (Fig. 4) .
Allowing extension of the elbow increased the resistance of the trunk to perturbations, (Fig. 5) . When the elbow was fixed, the deviations of the trunk were larger compared to the trunk deviations when the elbow was not fixed in the MOM-model as well as in the STIM-model for both perturbations (Fig. 5) . However, the effects of fixation of the elbow were larger in MOM than in the STIM-model, indicating an interaction between the effect of elbow motion and the effect of force-length-velocity characteristics of muscles. Closer examination revealed that the extension of the elbow due to the extra-added mass was small in the STIMmodel (Fig. 6) , corresponding to the experimental data. The small effect of the extra-added mass on the elbow extension is caused likely by the perturbation resistance effect of the force-length-velocity characteristic of muscles spanning the elbow joint. When the elbow joint had no rotational stiffness, as is the case in the MOM-model, the elbow extension due to the extra-added mass was much larger (Fig. 6) . Consequently, the effect of passive extension of the elbow to the resistance of the trunk to perturbations was also much larger in the MOM-model, as was indicated by a decreased angular deviation with a free elbow (Fig. 5) .
The effect of adding force-length-velocity characteristics of muscles to the model differed depending on the movement that was allowed in the elbow. When no elbow movements were allowed (= fixed elbow), adding force-length-velocity characteristics of muscles to the model increased the initial resistance of the trunk to perturbations (Fig. 5) . In contrast, when the elbow was free to move, adding force-length-velocity characteristics decreased the initial resistance to perturbation (Fig. 5) . The force-length-velocity characteristics of muscles stabilized the elbow joint in the STIM-model with free elbow, and thus less elbow extension occurred (Fig. 6) . Consequently, the trunk angle was more perturbed compared to the MOM-model with free elbow, in which the elbow had no rotational stiffness.
Discussion
The initial perturbation resistance of the trunk in perturbed lifting movements, as observed experimentally, could not be explained by the momentum effect of the trunk alone as is showed by the results of the MOM-model with fixed elbow. Although the trunk has a high inertia, the linear and angular momenta of the trunk before lift-off were not sufficient to resist the perturbation. Adding force-length-velocity characteristics of muscles to the model improved the resistance of the trunk to perturbations. Allowing extension of the elbows helps to postpone the perturbation of the trunk. While the elbows extend, perturbation is not fully apparent at the trunk. The delay until the full perturbation is experienced at the shoulder compared to the immediate sensation in the arms, might allow adaptations in trunk muscle stimulation to prevent substantial deviations of the trunk movement (Hodges et al. 1999 ). However, higher elbow stiffness attenuated this effect as can be appreciated from a comparison of the STIMmodel with free elbow to the MOM-model with free elbow. Higher elbow stiffness decreased the downward acceleration of the forearm, so that the load will be quickly apparent at the shoulder. A faster propagation of the load to the trunk will decrease the time left for active responses of trunk muscles. Consequently, it is to be expected that when a lifting movement is performed with stiff or extended elbows, trunk movement will be more affected after a perturbation. This may increase injury risk, since sudden movements are associated with injury of the lower back (Magora 1973; Manning et al. 1984) . The fact that due to the perturbation, the trunk is flexing instead of extending in the simulations, suggests that active responses are required to fully compensate for the perturbation. Although the three described effects could postpone the need for active muscle responses, active responses are required to fully compensate the perturbation effects. Indeed, in the experimental data an increase in muscle activity was seen approximately 100 ms after lift-off of a load that was unexpectedly heavy by 10 kg (van der Burg et al. 2000; van der Burg and van Dieën 2001b) .
It was found that the effects of the force-length-velocity characteristics could be present to a greater extent in reallife. In the simulations, the stimulation level of only a small number of muscles was adapted during the simulation. Furthermore, the stimulation of these muscles was allowed to change only once. A less restrictive stimulus pattern could enhance the contribution of force-length-velocity characteristics. Including other muscle characteristics to our model, such as short-range stiffness and history dependence, may further increase the resistance to perturbation (Stokes et al. 2000; Ettema 2002 ).
The force-length-velocity characteristics of muscles increase the resistance of the trunk to perturbation due to three independent mechanisms. First, the force-velocity relation of the CE is described by a monotonous increasing function . This implies that, for a given neural input, a muscle that is stretching or is contracting more slowly will produce more force and thereby oppose the perturbation. Second, the isometric force-length relation of the CE that results from myofilamentary overlap, is modeled as a parabolic function with a maximum at the point where CE is at its optimum length (Fig. 1b) . Flexion of the trunk will increase L CE of the trunk extensors and decrease L CE of the trunk flexors. Given the parabolic function, lengthening of a muscle that is below the optimum length will result in an increased muscle force, while shortening will result in a decreased muscle force. Therefore, extensor muscle force will increase if L CE is below optimum length and decrease if L CE is above optimum length. For flexor muscle force, the opposite holds. Thus, ideally, all muscles spanning the lumbarsacral joint should have a relatively short L CE to counteract trunk flexion. Initially, L CE of most trunk muscles is indeed below the optimum length in simulations performed in this study. Third, the length-dependent [Ca 2+ ] sensitivity also reduces the effect of perturbation. The active state of stretching muscles increases, and the active state of shortening mus-cles decreases without adaptation of STIM (Kistemaker et al. 2005, in press ). Thus, the force output of agonist muscles increases after a perturbation, whereas the force output of the antagonist muscles decreases.
The level of co-contraction influences the effects of forcelength-velocity characteristics in resisting a perturbation. In this study, STIMs concerning co-activation varied from 3 to 11% of the maximum stimulation. This level of co-activation, corresponding with q = 0.2, was only necessary in the elbow muscles, and not in the muscles spanning other joints, to mimic the experimental data. However, to simplify the model, we used a constant activation level for all antagonistic and biarticular muscles. Besides, the level of trunk co-activation used in the simulation was realistic, as in experimental EMG-data, the level of trunk co-activation varied from 2 to 24% in lifting (Granata et al. 1997; de Looze et al. 2000; van der Burg and van Dieën 2001b) .
Conclusion
In addition to the momentum of the trunk, the force-lengthvelocity characteristics of muscles are necessary to account for the perturbation resistance of trunk movements as found experimentally. Initial extension of the elbow due to the mass perturbation can delay the propagation of the load to the shoulder. However, this delay is reduced due to the impedance at the elbow provided by the muscle characteristics around the elbow.
